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Molecular velcroa b s t r a c t
Formation of chiral amyloid superstructures is a newly recognised phenomenon observed upon agi-
tation-assisted ﬁbrillation of bovine insulin. Here, by surveying several amyloidogenic precursors
we examine whether formation of such entities is unique to bovine insulin. Our results indicate that
only bovine, human, and porcine insulins are capable of chiral superstructural self-assembly. A tiny
covalent perturbation consisting in reversal of ProB28-LysB29 residues in a human insulin analog is
sufﬁcient to prevent this process. Our study suggests that insulin’s dimer-forming interface – specif-
ically the B-chain’s C-terminal fragment – may acquire the new role of a molecular velcro upon lat-
eral alignment of individual ﬁbrils into superstructures.
Structured summary of protein interactions:
BI and BI bind by infrared spectroscopy (View interaction)
HI and HI bind by atomic force microscopy (View interaction)
HEWL and HEWL bind by circular dichroism (View interaction)
BI and BI bind by circular dichroism (View interaction)
a-LAC and a-LAC bind by circular dichroism (View interaction)
BI and BI bind by atomic force microscopy (View interaction)
a-LAC and a-LAC bind by atomic force microscopy (View interaction)
HI and HI bind by circular dichroism (View interaction)
PI and PI bind by circular dichroism (View interaction)
PI and PI bind by atomic force microscopy (View interaction)
HEWL and HEWL bind by atomic force microscopy (View interaction)
 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction functional naturally occurring amyloid-like aggregates have beenAggregation of misfolded protein molecules may lead to lower-
free-energy assemblies termed amyloid ﬁbrils [1,2], which are
composed of b-sheets arranged perpendicularly to the ﬁbril axis.
In living organisms, formation of amyloid ﬁbrils is often associated
with so-called conformational diseases, such as Creutzfeldt–Jakob
disease or Alzheimer’s disease [3]. However, in vivo amyloidogen-
esis is not always linked to medical disorders. Several cases ofreported in recent years. Among them, there are yeast prions
which activate dormant genes helping to withstand environmental
stress [4], and ﬁbrillar forms of transmembrane protein Pmel17 re-
quired for maturation of melanosomes [5]. Meanwhile, speciﬁc
properties of in vitro-grown amyloid ﬁbrils make them promising
candidates for new nanomaterials and this has led to considerable
research efforts in this direction. Examples include ﬁbril-based
conductive nanowires [6] and enzymatically-degradable templates
for fabrication of silver and platinum nanocables [7,8].
Structural transitions accompanying protein aggregation do not
end on the conformational level, but continue on the levels of ter-
tiary and quaternary structures leading to superstructural organi-
sation of amyloid ﬁbrils. Some well-known examples include
spherulites – birefringent spherical structures ﬁrst described by
Krebs et al. [9], nematic liquid crystal phases assembled from lyso-
zyme ﬁbrils [10], and chiral superstructures of insulin ﬁbrils ﬁrst
Fig. 1. Amino acid sequences of different types of insulin: BI (black), HI (blue), PI
(orange), and lispro (green). Disulﬁde bridges are marked in yellow.
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entities are not only fascinating objects for fundamental research,
but they are also inspiring a spectrum of possible applications such
as scaffold materials for surface enhanced Raman scattering spec-
troscopy [13].
The problem of relationship between protein primary structure
and propensity to form ﬁbrils is of paramount importance. Studies
conducted on sequenceless amyloidogenic polypeptides by Fänd-
rich and Dobson suggested that formation of amyloid ﬁbrils is a
common trait of proteins as polymers, and is primarily driven by
interactions between polypeptide main chains [14]. From this per-
spective, the amino acid sequence merely increases or decreases
rate of aggregation, and affects structural details of grown ﬁbrils
[15,16]. However, even if formation of amyloid ﬁbrils is a generic
property of proteins, it remains unclear whether the higher-level
superstructures are also accessible to ﬁbrils from any amyloido-
genic protein precursor. This study is aimed at addressing this
question for the case of chiral superstructures of insulin amyloid
ﬁbrils that have been reported in our earlier works [11,12].
Chiral superstructures of bovine insulin amyloid are formed
upon vortexing of the native protein at low pD, and in the presence
of charge-compensating chloride ions. These ﬁbrillar assemblies
exhibit strong chiroptical properties. For detection of such species,
we employed a common achiral amyloid-binding dye, thioﬂavin T
(ThT) [17]. An extrinsic Cotton effect at around 450 nm with a ‘ + ’
or ‘’ sign is enforced upon binding of ThT to aggregates [18] called
henceforth +ICD and ICD, respectively. These two types of amy-
loid assemblies differ not only in the sign of the ICD signal but also
in morphology and abnormally intensive positive or negative far-
UV CD spectra. The strong chiroptical properties could possibly
originate from long range coupling of oriented transition moments
[19]. Our previous studies have shown that the chiral assemblies
are formed through a rapid lateral association of individual ﬁbrils
[20].
Recently, the problem of chirality of individual amyloid ﬁbrils
has started to attract much attention – especially in the context
of relationship between the L-chirality of amino acid residues and
ﬁbril’s twist [21], but also in studies on inﬂuence of environmental
factors (e.g. pH) on ﬁbril handedness [22,23]. In a number of inves-
tigations, extrinsic Cotton effects induced in bound ThT have been
examined [24–26], yet in none of them the ICD intensity levels
were comparable to those detected for the complex of ThT with
insulin amyloid chiral superstructures.
Insulin is the key peptide hormone in the glucose metabolism.
As a monomer, it is composed of two chains, 21-residue-long A-
chain and 30-residue-long B-chain linked together by two disulﬁde
bonds [27] (Fig. 1). Insulin is produced and stored in pancreas as a
hexamer stabilized by Zn2+ ions while its active form is mono-
meric. Each hexamer is composed of three dimers. Insulin dimer
is stabilized by antiparallel b-sheet between hydrophobic B-chain’s
C-terminal fragments of two monomers. Residues B8–B9, B12–B13,
B16, and B23–B28 have been demonstrated to play important roles
in the stabilization of native dimers [28,29]. Successive dissocia-
tions of hexamers and dimers are the key steps in biological activa-
tion of the hormone, and – during early stages of ﬁbrillation.
Insulin not only readily forms ﬁbrils in vitro, but its aggregates also
tend to accumulate subcutaneously in diabetic patients [30]. Sev-
eral ideas on insulin amyloid structure and self-assembly path-
ways of insulin protoﬁlaments and protoﬁbrils have been put
forward so far. These models are based on crystal structure of
monomeric despentapeptide form of protein [31], cryo-electron
microscopy images of ﬁbrils [32], X-ray scattering on helical oligo-
mers [33], and crystal structure of an insulin-derived amyloido-
genic core peptide [34]. However, structure of a single insulin
protoﬁlament is still being debated. The goal of this study is to as-
sess which parts of insulin’s primary structure are critical for theassembly of chiral amyloid superstructures. Our ﬁndings are dis-
cussed in the context of the existing ﬁbril models.
2. Materials and methods
2.1. Preparation of samples
Bovine insulin, hen egg white lysozyme, bovine a-lactalbumin
(type I) and poly-L-glutamic acid sodium salt (M.W. 20.5 kDa) were
purchased from Sigma. Human insulin was a gift from Dr. Piotr
Borowicz (Institute of Biotechnology and Antibiotics in Warsaw).
Porcine insulin and lispro analogue were ordered as reference stan-
dards from U.S. Pharmacopeial Convention and LGC Standards,
respectively. Ins-Core peptide was custom-synthesized by Bachem
S.A. at >98% purity. Fibrils described in Fig. 2 were prepared
through 48-h-vortexing at 1400 rpm, or 72-h-long incubation at
60 C of 0.2 wt.% bovine insulin in D2O (H2O has been substituted
with D2O due to following FT-IR measurements) with or without
0.1 M NaCl, pD 1.9 (‘pD’ was pH-meter readout uncorrected for iso-
topic effects). Samples analysed in the following ﬁgures were pre-
pared through 48-h-long vortexing at 1400 rpm/60 C of 0.2%
solution of protein (0.25% for Ins-Core peptide) in the presence of
0.1 M NaCl, pD 1.9. The only exception was poly-L-glutamic acid
for which pD was set to 4.3 and no NaCl was added. All samples
prepared for agitation had identical 0.6-ml volumes and were
placed in 2 ml Eppendorf probes. Vortexing was performed in
Eppendorf Thermomixer Comfort accessory.
2.1.1. ICD, ThT ﬂuorescence and FT-IR measurements
Protein concentrations for ICD measurements were 0.075 wt.%,
while ThT molar concentration was kept at 70 lM. Measurements
were carried out on Jasco J-815 spectrophotometer in a 1-cm
quartz cuvette. Concentrations of proteins and ThT for ﬂuorescence
measurements were set at 0.03% and 40 lM, respectively. Fluores-
cence spectra were collected on AMINCO Bowman Series 2 lumi-
nescence spectrometer equipped with a 4-mm quartz cuvette.
FT-IR measurements were carried out at the initial protein concen-
tration using CaF2 transmission cell and 25 lm Teﬂon spacers.
Measurements were performed on a Nicolet NEXUS FT-IR spec-
trometer equipped with a MCT detector cooled by liquid nitrogen;
256 interferograms of 2 cm1 resolution were co-added for a single






Fig. 2. Amplitude AFM images (A–D) of BI aggregates and the corresponding
infrared amide I0 bands (E) and ICD spectra (F). Preparation routine of all samples:
temperature set to 60 C, pD 1.9, insulin concentration was 0.2 wt.%. Variable
conditions: quiescent aggregation in the absence of NaCl (A, red line), quiescent
aggregation in the presence of 0.1 M NaCl (B, blue line), agitation at 1400 rpm in the
absence of NaCl (C, green line), agitation at 1400 rpm in the presence of 0.1 M NaCl
(D, black line).
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Samples of aggregates were diluted 60-times with deionized
water. A small droplet (8 ll) of ﬁbrils suspension was swiftly
deposited onto freshly cleaved mica and left to dry overnight.
AFM tapping-mode measurements were carried out using a Nano-
scope III atomic force microscope from Veeco, U.S.A., and TAP300-
Al sensors (res. frequency 300 kHz) from BudgetSensors, Bulgaria.
Other experimental parameters were the same as in earlier studies
[43,44].
3. Results and discussion
The abnormally intensive extrinsic Cotton effects for amyloid-
bound ThT which are characteristic for the +ICD and ICD variants
of superstructures have been observed only for insulin aggregates
obtained under certain conditions. Fig. 2 shows how agitation and
presence of NaCl affect formation of insulin amyloid ﬁbrils. All
experimentswere conducted at low pD (1.9) and at 60 C. The acidic
environment promotes dissociation of native hexamers to dimers
and monomers while high temperature leads to a partial unfolding
of insulin and formation of aggregation-prone intermediate states
[35]. Given enough time, these conditions are sufﬁcient to induce
amyloid formation. However, at this low pD, the net charge of insu-
lin aggregate is positive (isoelectric point of insulin being 5.5) and
ﬁbrils strongly repel one another hence remain singly dispersed
as is apparent from the corresponding AFM image in Fig. 2A. In or-
der to decrease the repulsive forces, charge-shielding chloride ions
may be added to insulin samples. The Debye screening provided by
chloride ions decreases the electrostatic barrier and promotes
merging of ﬁbrils into clusters visible in AFM (Fig. 2B).
Hydrodynamic forces are known to facilitate grouping of dis-
persed particles into larger, often superstructural arrangements
[36,37] hence, are also expected to act against the repulsive elec-
trostatic forces between ﬁbrils even in the absence of NaCl. An
AFM image of aggregates formed upon vortexing of acidiﬁed insu-
lin at 60 C (Fig. 2C) reveals clusters of ﬁnely broken ﬁbrils stacked
into amorphous clumps. Finally, Fig. 2D shows insulin amyloid
superstructures formed when both vortex forces and NaCl affect
the aggregation process. The precipitating aggregates are strongly
associated into braided assemblies and individual ﬁbrils are difﬁ-
cult to distinguish. Corresponding FT-IR spectra of all the four
types of insulin amyloid obtained under different aggregation re-
gimes are shown in Fig. 2E. The positions and shapes of the amide
I0 bands are all indicative of parallel b-sheet structure while the
minor differences should be attributed to variations in inter-b-
strand hydrogen bonding and local b-sheet twist. The most impor-
tant difference between insulin ﬁbrils obtained under different
conditions examined so far is captured by ICD (Fig. 2F). The acci-
dental stacking of ﬁbrils in the absence of either NaCl or agitation
fails to produce structures with the characteristic strong ICD sig-
nals. The chiral superstructures could only be obtained upon vor-
texing of low-pD insulin samples in the presence of salt and this
is reﬂected by the strong negative peak clearly visible in the corre-
sponding ICD spectrum.
The conditions favouring formation of the ICD type structure
of insulin amyloid: the acidiﬁed environment, presence of salt,
and agitation are suitable to induce aggregation of a number of
amyloidogenic proteins. Therefore we were interested whether
other model proteins – similar or not to bovine insulin – form chi-
ral superstructures under the same conditions.
In vertebrates, the amino acid sequence of insulin is very well
preserved. Porcine insulin (PI) differs from the bovine protein (BI)
only in two positions, while human insulin (HI) in three (Fig. 1).
The less hydrophobic HI and PI reveal longer aggregation lag times
[15,38] compared to BI. Because the sequence sites at which thethree insulin types diverge are not involved in the dimer-forming
interface their tendencies to dimerize are similar. This remains in
contrast to another insulin type employed in this study: lispro –
a synthetic analog used pharmacologically as fast-acting insulin.
In lispro, reversal of order of proline and lysine residues in the C-
terminal part of the B-chain (Fig. 1) prevents dimerization. This,
in turn, accelerates subcutaneous absorption of the drug. Impor-
tantly, according to X-ray [39] and NMR studies [40], C-terminal
fragment of B-chain is very ﬂexible and has more conformational
freedom than other parts of insulin. Here, in addition to the four
types of insulin, capacity to form chiral superstructures of other
mostly a-helical amyloidogenic precursors: HEWL, a-LAC, as well
as PLGA have been examined.
Fig. 3. ICD spectra of ThT–amyloid complexes for ﬁbrils from different precursor
protein and peptides. Aggregation routine consisted in agitation at 1400 rpm/60 C
of acidiﬁed (pD 1.9 except for PLGA for which pD was set to 4.3) samples containing
0.1 M NaCl (no NaCl in PLGA sample). Inset shows average ICD signals (at
k = 450 nm) calculated for measurements of four independently prepared amyloid
samples. Standard deviation bars reﬂect the degree of stochasticity of the formation
of chiral superstructures.
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observed only for the naturally occurring insulins. Interestingly,
sign of the extrinsic Cotton effect is reversed when BI is substituted
with HI or PI as a precursor for ﬁbrillation. This implies that even
tiny perturbations of primary structure have profound conse-
quences on the level of superstructural chiral architecture. The po-
sitive ICD signal observed for HI, PI and lispro ﬁbrils (albeit quite
weak in the latter case) is correlated with the presence of Thr
and Ile residues at A-chain’s positions 8 and 10, respectively. Given
the fact that the insulin’s native disulﬁde bridges remain intact
upon ﬁbrillation [41], one could speculate that the covalent struc-
ture of the tight loop formed by the fragment A6-A11 and closed by
the disulﬁde bridge between the two Cys residues (Fig. 1) becomes
twisted in response to the structural strain. Arguably, conforma-
tion of the loop and handedness of the twist are sensitive to the lo-
cal amino acid sequence, i.e. substitutions of the Thr and Ile
residues with Ala and Val, respectively (as is the case for BI) would
affect dynamics of the loop. Hypothetically, the local chirality of
the twisted loop could be transmitted – during the misfoldingA B
E F G
Fig. 4. Amplitude AFM images of aggregates formed under the same conditions aand amyloidogenic stacking of insulin monomers – to the super-
structural chirality that is detected by ICD of bound ThT molecules.
For BI, HI, and PI insulins the absolute magnitude of ICD signals
is high and comparable. The situation changes dramatically when
the amino acid substitutions preventing formation of native dimers
are introduced to the precursor (lispro vs. HI – Fig. 3). The ICD
intensity decreases abruptly by at least an order of magnitude,
although as noted earlier, its sign remains positive as for PI and
HI (inset of Fig. 3). The ICD signal for lispro aggregates becomes
comparable to the values obtained for HEWL, a-LAC, or PLGA ﬁbrils
– i.e. its origins are conformational (chiral twisting of trapped ThT
molecules) rather than superstructural (long-range couplings of
helically-arranged ThT molecules on amyloid scaffold). Similar
observations have been described in our previous works for
different secondary structures of PLGA, for which both ThT-ICD
and far-UV CD peaks had markedly lower intensities [42]. The
corresponding AFM images of different aggregates are presented
in Fig. 4. Although all amyloid ﬁbrils formed in agitated solutions
are strongly associated, aggregates of BI, and HI reveal a higher
degree of lateral alignment.
The results of the survey of various amyloidogenic precursors in
regard to capacity to form ICD-type chiral superstructures suggest
that such tendencies are limited to insulin, and only as long as it
retains a functional (i.e. capable of forming stable dimers) C-termi-
nal fragment of B-chain (Fig. 3). This is further conﬁrmed by the
inability of Ins-Core peptide (the critical amyloidogenic fragment
of B-chain depleted of the C-terminal part [34]) to form chiral
superstructures (Supplementary material). Moreover the AFM
data, as well as our previous studies on effects of fragmentation
of superstructures on ICD intensity strongly suggest that the spe-
ciﬁc optical properties of aggregates are correlated with lateral
association of individual twisted ﬁbrils into ordered architecture.
Thus it seems plausible that: [i] self-assembly of ICD-type amyloid
superstructures requires a structural feature that would enable lat-
eral association of single ﬁbrils into superstructures, and [ii] in the
case of insulin aggregates this role may be fulﬁlled by C-terminal
fragments of B-chain. In the existing structural models of insulin
amyloid, different parts of the protein occupy the ‘core’ of the ﬁbril,
whereas frayed B-chain’s C-termini are unstructured protruding
from ﬁbrils walls, or are omitted altogether. However, as these
fragments retain their chemical properties and the ability to self-
assemble pairwise into molecular velcro built of – as in the native
dimer – antiparallel b-sheet, essentially the same type of mutual
interaction and binding could take place between adjacent insulin
amyloid ﬁbrils (Fig. 5).C D
H
s in Fig. 3. PLGA (A), HEWL (B), a-LAC (C), BI (D, H), HI (E), PI (F), lispro (G).
Fig. 5. A hypothetical model of interﬁbrillar interactions within chiral superstructure of bovine insulin amyloid highlights the role of B-chain’s C-terminus. (A) Dimeric native
form of insulin, (B) a single ﬁbril, (C) ﬁbrils joined by B-chain C-terminal zipper fragment. C-terminal B-chain stretches are marked as light blue arrows, Ins-Core amino acid
sequence as dark blue arrows.
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The data presented in this study indicates that formation of or-
dered chiral superstructures of amyloid ﬁbrils may require speciﬁc
structural features enabling precise alignment of individual ﬁbrils
into larger microarchitecture. We propose that in the case of insu-
lin, this role is assumed by the C-terminal fragment of B-chain,
which in the native protein has a similar function of molecular vel-
cro binding together insulin monomers. Because formation of ICD-
type superstructures appears to be a rare phenomenon among
amyloidogenic precursors, our results suggest that the process is
more likely in proteins which oligomerize in the native state, and
whose oligomer-forming interfaces – in the event of misfolding
and aggregation – are not involved in the amyloid core structure.
Comparison of chiroptical properties of agitation-induced aggre-
gates of bovine, human and porcine insulin implies that tiny per-
turbations within the A6-A11 fragment may reverse the sign of
superstructural chirality of ﬁbrils.
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